The brain is the most cholesterol-rich organ in the body. Although most of the cholesterol in the brain is produced endogenously, some studies suggest that systemic cholesterol may be able to enter the brain. We investigated whether abnormal cholesterol profiles correlated with diffusion-tensor-imaging-based estimates of white matter microstructural integrity of lean and overweight/obese (o/o) adults. Twenty-two lean and 39 obese adults underwent magnetic resonance imaging, kept a three-day food diary, and had a standardized assessment of fasting blood lipids. The lean group ate less cholesterol-rich food than o/o although both groups ate equivalent servings of food per day. Voxelwise correlational analyses controlling for age, diabetes, and white matter hyperintensities, resulted in two significant clusters of negative associations between abnormal cholesterol profile and fractional anisotropy, located in the left and right prefrontal lobes. When the groups were split, the lean subjects showed no associations, whereas the o/o group expanded the association to three significant clusters, still in the frontal lobes. These findings suggest that cholesterol profile abnormalities may explain some of the reductions in white matter microstructural integrity that are reported in obesity.
Introduction
The brain has the highest cholesterol concentration of any organ in the body. Approximately 95% of the cholesterol contained in the brain is produced endogenously by astrocytes and oligodendrocytes. Cholesterol is important for neuronal communication as it is an important component of the myelin that encases axons, thus allowing for more efficient signal transduction. Under normal conditions circulating cholesterol, which is distinct from brain cholesterol, is kept out of the brain by the blood brain barrier (BBB). However, some studies in rodents suggest that it is possible for systemic cholesterol, specifically low-density lipoproteins (LDL), to enter the brain. Endothelial cells in the BBB contain receptors that are capable of translocating LDL from the general circulation into the brain.
Obese organisms, from rodents to humans, are more likely to have elevations in LDL or reductions in high-density lipoprotein (HDL) concentrations. In addition, independent of obesity, there is an age-associated increase in brain cholesterol concentration in both mice and humans. While elevated LDL is strongly associated with cardiovascular disease, recent evidence suggests that elevated cholesterol levels may also have detrimental effects on the brain. With the exception of some studies in Alzheimer's disease and data from our laboratory on type 2 diabetes, very little is known about HDL and its effects on the brain. Healthy adults and to a greater extent adults with metabolic syndrome, a condition characterized in part by obesity and elevated LDL or low HDL, have myelin loss, axon degeneration and white matter abnormalities. Additionally, during normal aging the frontal lobe exhibits decreases in fractional anisotropy (FA), a sensi-in a standardized fashion at 9:00 A.M. and a comprehensive panel was performed to assess blood count, blood chemistries, lipid and liver profiles, thyroid function, glucose and insulin levels, and inflammatory markers. Body mass index (BMI) was calculated using the following formula: weight (kg)/height (m) 2 . Lean individuals had a BMI between 19 and 24.9 kg/m 2 . Participants with a BMI of 25 kg/m 2 or greater were assigned to the overweight/obese (o/o) group. We defined abnormal cholesterol as an LDL greater than 130 mg/dL, an HDL lower than 34 mg/dL, or use of statin medications to control elevated cholesterol. We used these criteria because low HDL is common in insulin resistance and high LDL is common in obesity and obesity-related diseases. We classified subjects who were on a statin as having an abnormal cholesterol profile irrespective of whether as a result of the treatment they had cholesterol levels in the normal range.
Three-Day Dietary Recall
Participants received a three-day food diary form and were instructed to record everything they consumed (breakfast, lunch, dinner and snacks) with the exception of water. The participants' self-reported diets were quantified into 13 different categories (produce, dairy, meat, fish, whole grains, refined carbohydrates, fried food, nuts, fast food, soda, junk food, alcohol, miscellaneous) in a blinded fashion by JIC, a Ph.D. in nutrition. Quantification of all foods was based upon serving sizes, as defined by the American Dietetic Association. The cholesterolrich food group was the sum of meat, dairy, fried food and fast food. By summing these categories we included both saturated and unsaturated fats as well as cholesterol. A second trained rater, a Ph.D. candidate in nutrition, independently assessed a randomly selected subset of 30 food diaries, to assess inter-rater reliability. These independent ratings showed excellent agreement with an inter-class correlation coefficient (ICC) of 0.91 for cholesterol rich foods.
Magnetic Resonance Imaging Image Acquisition
All MR imaging was performed on a 1.5 T Siemens Avanto MRI System. A structural T1weighted magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence was acquired with the following parameters: TR = tive indicator of white matter integrity thought to reflect fiber density or axonal diameters. The frontal lobe is involved in executive functions, therefore damage to this area of the brain, as occurs in metabolic syndrome, may affect decision-making and processing speed. Previous work from our laboratory demonstrated that orbitofrontal cortex volume is positively associated with healthy food choice 38 . Thus far, no data demonstrate associations between abnormal cholesterol profile, FA, and possible connections to decision-making and food choice. This study sought to explore these associations.
We hypothesized that obese adults with an abnormal cholesterol profile will have lower white matter microstructural integrity and that these abnormalities will be found predominantly in the frontal lobe. By controlling for age and diabetes, two factors known to impact white matter integrity, as well as also controlling for overt white matter lesions expressed as hyperintensities on the FLAIR scan, we hope to demonstrate that in an overweight/obese adult population, abnormal cholesterol profile (high LDL, low HDL or use of statins) is associated with lower FA in the frontal lobe.
Materials and Methods

Subjects
A total of 61 adults (22 lean and 39 overweight and obese), matched for age, gender, race and education were included in the study (Table 1) . Subjects were consecutive cases evaluated at the Brain, Obesity, and Diabetes Laboratory (BODy-Lab), Department of Psychiatry, New York University School of Medicine as part of an NIHsponsored study of the brain effects of obesity and type 2 diabetes. Participants were recruited via internet advertisement, referred by collaborating endocrinologists, or recruited from an ongoing study of normal aging. The study was approved by the local Institutional Review Board. All participants signed informed written consent and received compensation for their time and inconvenience. Participants were screened to rule out exclusionary preexisting medical conditions (other than hypertension, dyslipidemia, insulin resistance, or type 2 diabetes) and psychiatric conditions. Other exclusion criteria were a history of significant head trauma, stroke, hydrocephalus, lacunar infarcts, mental retardation, neurological disorders or less than a 12 th grade education.
After an overnight fast, blood was drawn tomated Registration Toolkit 2). FA maps were generated from the native DTI images, after correcting for distortions and spatially normalizing ( Figure 1 ). As a result, FA maps ended up with a voxel size of 1×1×1 mm 3 . We checked the FA maps at the individual case level to ensure that there were no spatial distortions and that all images were high quality. Please refer to Figure 1 for the steps involved in creating the corrected FA maps. To ascertain the possible associations between an abnormal cholesterol profile and reductions in white matter microstructural integrity, FA maps were subjected to a voxelwise correlational analysis with age and diabetes as covariates. There was no difference in the prevalence of hypertension (defined as either blood pressure above the normal range (135/85 mmHg) or use of medication to control hypertension) between the two groups; therefore, we did not control for hypertension. We also used the FLAIR images, which were first normalized to the target template by applying the same transformation parameters that were applied to the FA maps, as a covariate to ensure that our results were not influenced by white matter hyperintensities. . The FLAIR, T2weighted, and DTI images were collected in the same orientation, slice thickness and number of slices to optimize co-registration of the different image sets. The acquisition plane for all these images was an axial orientation set up parallel to a plane that on the mid-sagittal view goes through the inferior aspect of the orbitofrontal cortex and the inferior aspect of the occipital cortex, the so-called pathological angle.
DTI Voxelwise Image Processing and Analyses
Images were processed using the in-house software Multimodal Imaging Data System (MIDAS) and the automated toolbox ART2 (Au- 
Dietary Data
The o/o group consumed significantly more cholesterol-containing foods (dairy, meat, fried food, fast food) compared to the lean group ( Figure  2A) . However, because the o/o group consumed less low cholesterol foods, the total amount of food consumed (number of servings) was not different between the two groups ( Figure 2B ).
Voxelwise Correlational Analyses
The voxelwise correlational analyses among all the participants, controlling for age, diabetes, and white matter hyperintensities, resulted in two significant (P<0.001) clusters of negative associations between abnormal cholesterol and FA, located in the left and right prefrontal lobes (Table 3 ). However, when these analyses were carried out separately for each of the two groups, they showed that the groups behaved quite differently. For lean individuals, after adjusting for age, diabetes, and white matter hyperintensities, there were no significant association between abnormal cholesterol and FA. By contrast, among o/o individuals, after correcting for age, diabetes and white matter hyperintensities, we indentified three significant clusters (P<0.001) showing an inverse association between FA and abnormal cholesterol, namely an abnormal cholesterol profile was associated with lower FA values. These three significant threshold of 0.001 to ensure that the FDR would be kept below 1%. For display purposes, the correlation map showing the significant clusters of association was registered to the standard Montreal Neurological Institute (MNI) T1 MRI template and visualized with AFNI (Analysis of Functional NeuroImages).
Statistical Analyses
We analyzed the group demographic and endocrine data using SPSS for Windows version 18.0 (SPSS, Inc., Chicago, IL, USA). We checked the normality of our data using the Shapiro-Wilk test. We performed two-tailed independent sample t-tests and chi-square tests to examine the group differences between lean and o/o characteristics. The effect sizes are reported as Cohen's d coefficient. For a description of the automated image analyses, please see the MRI section immediately above.
Results
Demographic and Endocrine Data
The participants' demographic and endocrine characteristics are summarized in Ta sistent with previous findings by other groups. Both subject groups consumed the same number of food servings per day but the o/o group consumed more cholesterol-rich food than the lean group. Interestingly, among the o/o group, but not the lean group, there was a strong inverse association between abnormal cholesterol (high LDL, low HDL and/or statin use) and FA values in prefrontal regions of the brain. Taken together, these data may suggest that an abnormal cholesterol profile may negatively affect the brains of overweight and obese adults. It is common for people with type 2 diabetes clusters were located in the left and right prefrontal lobes (see Table 3 and Figure 3 ). Furthermore, both groups had a high and comparable occurrence of hypertension. For this reason hypertension was not considered a confounder that needed to be accounted for in this study.
Discussion
We found that o/o adults had significantly lower HDL and higher triglyceride concentrations compared to lean controls, which is con- Figure 3 Brain regions showing clusters of association between DTI FA and abnormal cholesterol profile among o/o individuals. Each column represents the 3 orthogonal orientations (axial, coronal, sagittal) for the significant inverse correlation clusters (analysis controlling for age, diabetes diagnosis and white matter hyperintensities; minimum cluster size is 100 voxels; p<0.001) overlaid on the normalized average T1 target image. The color bar represents the strength of the correlations.
Left prefrontal
Left frontal Right prefrontal ries may result in increased variability due to lack of standarization. There was variability in the amount of detail between diaries such as incomplete entries and lack of adequate descriptions, which led to the elimination of some participants. Additionally, due to the cross-sectional study design, we cannot determine if changes in white matter microstructural integrity preceded or are the result of obesity. Despite this limitation, weighted food diaries remain the gold standard that is used to validate other dietary assessment methods. The imaging techniques utilized also provided strength and weakness to our approach. For example, although sophisticated techniques were used to correct for the spatial distortions that occur in the echo-planar acquisition of the DTI data, we cannot completely rule out that these distortions, despite corrections, did not influence our findings. However, this is probably only a theoretical concern since both hemispheres were affected; results from distortions would more likely be unilateral. We allowed only clusters that were at least 100 contiguous voxels and used an FDR of less than 1% and a p-value of <0.001 to denote associations between abnormal cholesterol profile and reductions in FA. In the future, this study should be repeated using a larger sample size in order to investigate if statin use and/or higher levels of physical activity in obese adults limits the decrease in white matter structural integrity observed in this study.
Conclusions
Overall, we found a link between abnormal systemic cholesterol profile and low FA values in o/o adults but not lean adults. To our knowledge, this is the first report suggesting that systemic cholesterol abnormalities can negatively impact white matter integrity. Specifically, lower FA values associated with abnormal cholesterol profile were observed in areas of the brain involved in executive functioning and decision-making. These findings offer insight into how cholesterol dysregulation may mediate or exacerbate brain abnormalities that are associated with obesity. Further studies evaluating cognition, specifically executive functioning, would provide further insight into how the observed differences between the groups may be affecting brain function.
to also exhibit dyslipidemia. Individuals with type 2 diabetes may exhibit high concentrations of LDL, low concentrations of HDL and hypertriglyceridemia. These impairments in cholesterol and lipid metabolism may precede the development of diabetes by years. Furthermore, obesity increases oxidative stress which can result in the formation of oxysterols, an end-product of cholesterol oxidation. Studies show that oxysterols can readily enter the brain and are associated with neurodegenerative diseases.
Our study found that the o/o group had lower HDL concentrations, the anti-atherogenic form of cholesterol, and higher concentrations of triglycerides compared to the lean group. The o/o group did not have higher concentrations of circulating LDL compared to the lean group, but this is likely due to the large percentage of individuals in the o/o group that are receiving statin medications.
To assess white matter microstructural integrity we used quantitative DTI MRI and generated FA maps. FA is a scalar value that ranges between 0.1 and 1.0 (peaking at ~0.3 for white matter) with 0 representing perfectly isotropic diffusion (free movement of water). Although there are some limitations to the specificity of FA as a biomarker of microstructural integrity, nevertheless white matter FA is a highly sensitive marker of neuropathology. Consequently, our lower FA values associated with abnormal cholesterol profile in prefrontal areas of the brain in o/o, but not lean, participants may underlie white matter changes in the presence of dyslipidemia. This is consistent with recent results among patients with metabolic syndrome showing FA reductions mostly restricted to the frontal lobe.
Consistent with our findings, other studies show that obesity is associated with alterations in brain structural integrity in both adolescents and adults. Obese adolescents with type 2 diabetes have decreased white matter volume and reduced white and grey matter microstructural integrity compared to lean controls. Moreover, obese adults have reduced grey matter integrity in areas of the brain associated with the reward system. These differences are associated with inflammation, a common correlate of obesity.
A major strength, but perhaps also a weakness of this study, was the use of food diaries, which allowed participants to record food items independent of a finite list. However, food dia-
